Object. This study aimed to investigate morphological predictors of intraprocedural rupture (IPR) during coil embolization of ruptured cerebral aneurysms.
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I ntraprocedural rupture (IPR) during coil embolization of ruptured cerebral aneurysms has been reported as an often devastating complication, with incidence rates ranging from 1% to 8% and high mortality rates up to 40%. [1] [2] [3] 6, 7, 10, 11, 13, 17, 18, 20, 21, 23, 24 Although there has been some investigation into the risk factors of IPR during coil embolization, most studies have focused on epidemiological factors, background medical conditions, size and location of aneurysms, and technical aspects. 1, 2, 6, 7, 10, 11, 13, [18] [19] [20] [21] 23, 25 Few studies to date have investigated IPR in relation to morphological configurations of aneurysms.
Although based on a small number of studies, a common assumption to date was that the presence of multilobulation or a daughter sac might indicate a high risk of IPR. 13, 18, 21 However, this assumption may be of limited practical application, because of the pervasiveness of ruptured cerebral aneurysms harboring multilobulation or a daughter sac.
To investigate more specific risk factors for IPR, we focused on basal morphology. If a daughter sac, or bleb, is located near the base of a ruptured aneurysm, it is called a "small basal outpouching" (SBO), and it is a common morphological configuration in cases of basal rupture. 8, 15 In our experience, cases of SBO tended to have a higher incidence of IPR. Therefore, we hypothesized that the Morphological predictors of intraprocedural rupture during coil embolization of ruptured cerebral aneurysms: do small basal outpouchings carry higher risk?
chance of IPR could increase if a ruptured aneurysm contained an SBO where the SBO itself was the rupture point of the aneurysm. Also, we retrospectively analyzed whether multilobulation and daughter sac were genuine risk factors of IPR, or whether SBO, which is a proper subset of both daughter sac and multilobulation, was the predominant risk factor.
The purpose of this study was to investigate morphological predictors of IPR, in the context of angiographic predictors of IPR in general, with specific emphasis on ruptured cerebral aneurysms with an SBO.
Methods

Patient Population
This study included all patients with a ruptured cerebral saccular aneurysm who underwent coil embolization at our center between January 2005 and December 2012. All available patients underwent digital subtraction angiography (DSA) or 3D CT angiography (CTA) before the decision was made between coiling and clipping. If the aneurysm was determined to be amenable to coil embolization and consensus was reached by our cerebrovascular team, coil embolization was immediately performed. Intraprocedural rupture was defined as "the extravasation of contrast material demonstrated on concurrent angiography, regardless of the extrusion of coil, microcatheter, or microguidewire outside the lumen of an aneurysm." 20 Cases of IPR were identified during the coiling procedure by the attending neurosurgeon (D.H.K.) or neurointerventionalist (Y.S.K.), with adjudication by a team of 2 independent physicians (D.H.G. and S.K.B.). Medical records were reviewed to assess all available data related to IPR, including demographic factors, a patient's baseline World Federation of Neurosurgical Societies (WFNS) grade and Fisher grade, a previous history of antiplatelet or anticoagulant medication, and angiographic characteristics of the aneurysm.
Angiographic Characteristics of the Ruptured Aneurysms
All morphological variables, including location, size, aspect ratio, type of lobulation, and SBO, were identified based on 3D CTA using a 64-slice multidetector CT scanner (Aquilion TSX-101A, Toshiba Medical Systems Co.) and DSA using the Allura Xper FD20 (Philips Electronics). Attending physicians (D.H.K. and Y.S.K.) first measured these parameters, and they were independently double-checked by 2 other physicians (D.H.G. and S.K.B.). Aneurysm location was categorized into 4 main groups, namely, the anterior cerebral artery (ACA), the internal carotid artery (ICA), the middle cerebral artery, and the vertebrobasilar system. Then, the ACA group was further categorized into the anterior communicating artery (ACoA), A 1 segment (the horizontal part at the proximity of the ACoA), and distal ACAs. The ICA group was subcategorized into the posterior communicating artery (PCoA), the anterior choroidal artery, and other ICAs. The vertebrobasilar system was categorized into the basilar apex and other vertebrobasilar vessels. The size of aneurysm was defined by the maximal length of its aneurysm cavity, and it was determined by direct measurement on 3D CTA and/or 3D reconstructed images obtained from DSA. The aspect ratio was defined as the maximum dimension of the dome to the width of the neck of an aneurysm. 22 To make this measurement, the depths and necks of the aneurysms were measured to the nearest millimeter based on the best angiographic projections. The aspect ratio was simply calculated as the aneurysm depth divided by the aneurysm neck width.
We applied 3 classification types for the configuration of the aneurysm. The first type was determined according to the irregularity of the aneurysm contour. Unilobulation was defined as a spherical or elliptical shape without irregularity. Configurations other than unilobulation were considered as multilobulated. The second type was defined according to the presence of a daughter sac. A daughter sac was defined as a secondary aneurysmal sac, or bleb, arising from the primary aneurysmal sac with an interface (aneurysm-bleb boundary) smaller than the largest diameter of the daughter aneurysm, or bleb. The third type was defined according to whether the aneurysm had an SBO or not. An SBO was a prominent daughter sac located near the neck of the aneurysm and defined as a one located in the lower third of an aneurysm, with the lower margin of the outpouching approximating the parent artery of the aneurysm. 15 
Endovascular Procedures Including Management of IPR and Follow-Up
The endovascular procedure was performed under general anesthesia. An initial bolus of 50 U/kg heparin was generally administered after deployment of the first coil to maintain an activated clotting time at twice the patient's baseline level. Coils were placed until satisfactory aneurysm obliteration was achieved and/or placement of additional coils was not possible. A single or multiple microcatheter technique was primarily considered, and for wide-necked aneurysms, stent or balloon assistance was performed according to operator preferences. When an IPR was encountered, heparin was reversed with protamine sulfate, and coils were rapidly deployed to secure the aneurysm. If needed, emergency ventriculostomy was performed to reduce intracranial pressure.
A CT scan was obtained immediately after the procedure to check the amount of additional bleeding or for hydrocephalus. Immediate neurological worsening was defined as an elevation of WFNS grade of more than 2 points. Long-term functional outcome was evaluated using the modified Rankin Scale (mRS) at 3 months from discharge. At least 1 follow-up angiography study was performed within 6 months for all available patients with IPR.
Statistical Analysis
The data were analyzed using SPSS software, version 9.12 for Windows. The chi-square, Fisher's exact, Wilcoxon rank-sum, and multivariate logistic regression tests were used appropriately for a statistical comparison between the 2 groups. The results were considered significant for probability values < 0.05.
Results
During the study period, a total of 332 patients with a ruptured saccular aneurysm underwent coil embolization. The patient population consisted of 213 women (64.2%) and 119 men (35.8%), with a mean age of 57.3 years (range 14-90 years). An IPR occurred in 16 (4.8%) of 332 patients. There were no statistically significant relationships concerning age, sex, baseline WFNS and Fisher grades, and previous history of antiplatelet or anticoagulant medication between patients with and without IPR shown in statistical analysis (Table 1) .
The aneurysm was located in the ACoA in a significantly larger proportion of patients with IPR (12 of 16, 75%, p = 0.001). Intraprocedural rupture did not occur in posterior circulation aneurysms (Table 2) ; IPR tended to occur more frequently in smaller aneurysms according to the Wilcoxon rank-sum test (4.3 ± 1.3 mm vs 6.1 ± 3.3 mm, p = 0.012). Additionally, when the size was dichotomized as < 5 mm versus ≥ 5 mm, the class of aneurysms < 5 mm was significantly associated with IPR (p = 0.013). However, there was no statistically significant relationship regarding the aspect ratio between patients with and without IPR (p = 0.202). Configuration analysis showed that multilobulation (100.0% [16 of 16] Detailed data of the 16 patients with IPR are summarized in Table 5 .
According to the results of an immediate postprocedure CT scan, 8 of 16 IPR patients showed a prominent increase in the amount of subarachnoid hemorrhage; however, there was no case of a significant intracranial hematoma collection that required emergency surgical evacuation. Immediate neurological worsening was noted in 3 of 16 patients after IPR (18.8%). One patient died within 48 hours because of a massive subarachnoid hemorrhage and increased intracranial pressure after IPR. The other 2 patients' conditions deteriorated, with changes of WFNS grade from II to V and I to V, respectively, which finally resulted in death in both within a month. The remaining 13 (81.3%) of 16 IPR patients showed good functional recovery (mRS score ≤ 2) at 3 months. Follow-up angiography was done in 12 patients (10 with DSA, and 2 with time-of-flight MR angiography), which resulted in stable occlusion in 5 (41.7%), minor recanalization in 4 (33.3%), and major recanalization in 3 (25%). Two patients with major recanalization underwent add-on coil embolization.
Discussion
Recently, coil embolization has been increasingly used in place of surgical clipping for ruptured cerebral aneurysms. 12 However, IPR has continued to be one of the most devastating complications of coiling due to its high mortality and morbidity rates. Therefore, there have been several efforts to identify risk factors for IPR, including epidemiological factors (Asian or African heritage), background medical conditions (including coronary artery disease and hyperlipidemia), and technical considerations (including a microguidewire jump and excessive coil packing). 2, 6, 7, 10, 11 Regarding the characteristics of the aneurysm, predictors of IPR were thought to include ACoA aneurysm location, smaller size, and presence of a daughter sac or multilobulation (Table 6) .
1,2,13,18-21,24,25 However, the aforementioned risk factors are not easily applied to real practice (including the treatment decision between clipping and coiling for a ruptured cerebral aneurysm), because ACoA location and smaller size are widely encountered findings, and most ruptured aneurysms harbor a daughter sac or multilobulation.
The major findings of this study were as follows: 1) regarding the presence of a daughter sac or multilobulation, there were no significant differences between the IPR and non-IPR groups (p = 0.208 and p = 0.388, respectively). 2) However, SBOs, namely, daughter sacs, or blebs, located at the base of the aneurysm, were significantly correlated with IPR (p < 0.0001). In detail, 9% (30 of 332) of the study population harbored an SBO, and among them, 30% (9 of 30) were included in the IPR cohort. 3) In terms of aneurysm location and size, our data were consistent with previous investigations, which showed that ACoA location and smaller size were significantly related with IPR (p = 0.001 and p = 0.012 in our study, respectively). 4) ACoA location, size (< 5 mm), and SBO were all independent predictors of IPR after adjustment in multivariate logistic regression (p = 0.010, p = 0.028, and p < 0.0001, respectively).
From the procedural angiographic review, we found that 7 of 16 IPRs occurred at an SBO (6 while finishing coiling near an SBO and 1 involving microcatheter access near an SBO; Table 5 ). One possible explanation of such findings is as follows. Some SBOs may be the initial rupture site of the aneurysm, like a daughter sac at the dome, and the risk of IPR could increase during the movement of microcatheter or coil positioning near the SBO if the SBO is the rupture site. The dome of an aneurysm is often the rupture site, but the base of an aneurysm also can be the rupture site, albeit infrequently, with an incidence of 2%. 4, 5 This possibility of basal rupture can be detected occasionally by an angiographic configuration showing a stalk-like narrow neck or SBO. 8, 14 Recently, Park et al. reported an 8.7% incidence (41 of 471) of SBO in ruptured aneurysms. In the surgical cohort (n = 286), a basal rupture was confirmed in 8 (30.8%) of the 26 cases of a basal outpouching and successfully treated by aneurysm clip placement. In the endovascular cohort (n = 185), 5 (33.3%) of the 15 patients with a basal outpouching developed intraprocedural aneurysm rebleeding, which was most commonly observed with ACoA aneurysms. 15 Although treatment outcomes for ruptured cerebral aneurysm patients are continually improving for both treatment modalities (coiling and clipping), there has been a lack of data in cases of basal rupture because of the rarity of its occurrence. The present study solely focused on the outcome of coil embolization, including IPR, in cases of possible basal rupture. We found that the chance of IPR during coiling increased in cases of aneurysms containing an SBO, which could be related to basal rupture.
Another possible concern of coil embolization for a basal ruptured aneurysm is the degree of occlusion at the end of the coiling procedure. Despite recent advances in endovascular coiling devices, complete neck packing of an aneurysm is not easy, occurring in 39%-66% of cases. 9, 12, 16 If a coiling procedure is finished and there is a neck remnant or incomplete embolization, the chance of rebleeding can potentially increase in cases of basal rupture.
Although the conditions of 3 of 16 IPR patients immediately deteriorated, leading to death within a month, the remaining 13 patients (81.3%) had an mRS score of 0-2 at 3 months. The success in the latter cases is thought to be the result of a rescue practice for IPR, which included immediate heparin reversal, rapid aneurysm occlusion, and emergency ventriculostomy. 1, 20, 21 The present study has potential limitations. First, this was a single institutional retrospective study, and the numbers of IPR and aneurysms containing an SBO were small; therefore, the results of statistical analysis should be interpreted cautiously and cannot be easily generalized to show whether coiling is worse than clipping in terms of treating a ruptured aneurysm harboring an SBO. Second, all IPR cases in this paper were treated using a single or double microcatheter technique, so the possibility of different outcomes could not be excluded if the cases were treated with stent or balloon assistance. Additionally, it should be noted that alternative microcatheter positioning or coil size may affect results on whether SBO is a risk factor for IPR. Moreover, to provide more objective information about the relatively small incidence of basal rupture, a larger, prospective coiling-to-clipping comparison study is necessary in the near future.
Conclusions
Intraprocedural rupture during coil embolization occurred in 4.8% of patients. We found that the more general groups of multilobulation and daughter sac were not significantly associated with IPR, although the more specific subgroup with an SBO was. This points to the possibility that an SBO is an important morphological risk factor for IPR, but more confirmation studies on these results are required. Additionally, our data support the claim that some IPRs can occur in relation to a basal rupture of an aneurysm, and if ruptured aneurysms carry such risk factors, more attention is required during coil embolization. * COPD = chronic obstructive pulmonary disease; NS = not specified.
